Abstract: Tunable resistive pulse sensing (TRPS) has been implemented alongside dynamic light scattering (DLS) and scanning electron microscopy (SEM) to characterise a particle size distribution between 400 nm and 1 µm effective diameter. The carboxylate polystyrene particles studied were synthesised by dispersion polymerisation, and overall the data suggest that there are two modal peaks in the distribution. TRPS data indicated that the primary mode was near 630 nm, with a lesser peak near 830 nm. Two pores of different sizes were used for TRPS, and the lower size measurement threshold was apparent for both pores. High throughput particle-by-particle size measurement techniques such as TRPS are of interest for measuring synthetic particles, with potential roles including quality control and compliance, in addition to fundamental studies.
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Introduction
Synthesis of polymer and inorganic nanoparticles is becoming widespread for applications in biotechnology, nanomedicine, and composite materials, for example. There is growing demand for techniques that can characterise colloidal particles for the purposes of analysis, quality assurance and regulatory compliance [1] [2] [3] , in addition to fundamental research. The optimal technique(s) for any particular study is determined by factors such as the particle type, the research question and information required, the time, cost and ease of measurement, and the physical principles behind the technique [2] .
For measurement of particle size distributions, the most commonly used techniques include scanning electron microscopy (SEM) and dynamic light scattering (DLS). In SEM, particles are removed from solution and directly imaged by electron scattering.
Although SEM size measurements have high accuracy, the imaging process is relatively time-consuming. DLS [4] [5] [6] provides ensemble data for a distribution of particles in solution, and can effectively and efficiently characterise macromolecules and colloids. It has limitations relating to the dominance of relatively large particles in signals obtained for high-dispersity systems, and an inability to provide particle-by-particle data.
Tunable resistive pulse sensing (TRPS) [7] [8] [9] [10] [11] [12] [13] [14] is a relatively recently-developed nanoparticle characterisation technique. Protocols have been developed for the use of TRPS to measure particle concentrations [7, 8] , size distributions [9] and charge [10, 11] . TRPS is based on the Coulter principle, so that individual particles are detected while in aqueous suspension. As each particle passes through a pore in a thin membrane, it momentarily blocks the ionic current flowing through the pore, producing a resistive pulse. TRPS is distinct from other resistive pulse sensing techniques because the membrane is elastomeric, and can be stretched and relaxed near-reversibly [12] [13] [14] . This mechanical actuation results in 'tuning' of the pore size. Use of TRPS has been growing rapidly in a broad range of research fields [2] .
In this study, TRPS, DLS and SEM are used to characterise the size distribution of carboxylated polystyrene beads synthesised by dispersion polymerisation and cross-linked with divinylbenzene (DVB). Carboxylated polystyrene is widely used in areas as diverse as bead-based assays [15] and single particle tracking, owing to its colloidal stability and amenability to surface functionalisation [16] . Here, the measurement process is of interest owing to the relatively high dispersity of the particles, and the ability to directly compare results for the three techniques. Results are interpreted with reference to possible artefacts of each measurement technique. Although there have been similar comparisons previously [2] , efforts have been made to improve the rigour and consistency of the comparison in the present work. Specifically, this is achieved by using one graph to compare data obtained using two pores of different sizes, DLS, and SEM, with a consistent data format. Also, the lower measurement threshold in TRPS has been discussed, histogram bin sizes have been set to reduce the uncertainty in locating distribution modes, and size distribution peaks have been described using Gaussian fits. Overall, this work contributes to the development of TRPS as a standard technique for robust and accurate measurement of particle-by-particle size distributions.
Materials and methods

Particles and solutions
Carboxylated polystyrene beads ( Figure 1 ) were synthesised by dispersion polymerisation. Butanol was sourced from Prolabo (Radnor, USA) and all other chemicals were from Sigma-Aldrich (St. Louis, USA). Monomers were distilled under vacuum before use to remove inhibitor. A solution of polyvinylpyrrolidone (0.2 g, avg. MW 40,000) in butanol (12.5 mL) was heated to 70°C with stirring. An aliquot (0.75 mL) of a mixture of styrene/divinylbenzene/acrylic acid 94 : 1 : 5 v/v/v was added, followed by thermal radical initiator 1,1′-azobis(cyclohexanecarbonitrile) (0.035 g). The mixture was stirred overnight, and the resulting beads were isolated by centrifugation, washed repeatedly with ethanol, and suspended in distilled water. Prior to TRPS, particles were diluted 1 : 10 in phosphate buffered saline (PBS; 0.01 M phosphate buffer, 0.0027 M KCl and 0.137 M NaCl), vortexed for 5 min and sonicated for 15 min. Two sets of polystyrene calibration beads obtained from Izon Science, designated CPC800 (740 nm mode) and CPC1000 (910 nm mode), were diluted in PBS 1 : 100 and 1 : 1000, respectively, then particles were vortexed for 3 min and sonicated for 15 min prior to measurements. 
Particle analysis
DLS measurements were made using a Malvern Zetasizer Nano-ZSP. Aqueous bead suspensions were prepared in PBS with standard 1 mL cuvette volume, and samples were sonicated for 15 min before measurements. Particle size distributions were calculated using material properties provided by the Zetasizer software (particle refractive index 1.59, PBS refractive index 1.33, PBS viscosity 0.8872 cp). The polydispersity index obtained was typically ~0.1.
SEM was carried out using a Quanta 450 instrument (FEI, Hillsboro, USA). Drops of sample suspension were cast onto an SEM stub coated with carbon tape and allowed to dry, and then sputter-coated with Au/Pd. Image analysis for size measurement was performed using ImageJ (1.47v, NIH, Bethesda, USA).
Detailed introductions to TRPS measurement using the qNano instrument (Izon Science, Christchurch, New Zealand; Figure 2 ) are available elsewhere [2, 8, 12, 17, 18] . Briefly, each tunable pore is a ~200 µm long conical hole in a polyurethane membrane. During measurements, pores are held within a fluid cell which enables loading of test solution above and below the membrane, as well as stretching of the membrane via mechanical actuation of the cross-shaped specimen's legs (Figure 2(a) ). A potential difference is applied between Ag/AgCl electrodes in each half of the fluid cell. Currenttime data (Figure 2(b) ) are recorded at an effective sampling rate of 50 kHz, while system control and data analysis are carried out using Izon Control Suite software (v 3.1).
The pores used in this study were designated as either NP800 (target modal particle diameter range 400-1600 nm, depending on stretch, calibrated using CPC800 particles) or NP1000 (target range 500-2000 nm, calibrated using CPC1000 particles) by the manufacturer. When using the NP800 pore the jaw separation on the qNano (which indicates the degree of membrane stretch) was 45 mm, the applied voltage was 0.16 V, while for the NP1000 pore the jaw separation was 47 mm, and the applied voltage was 0.08 V. These parameters were selected to obtain a high pulse rate (> 200 per minute) and so that the ratio of blockade magnitude to root mean square (RMS) noise (~15 pA) was optimised (near to 10).
Each resistive pulse (Figure 2(b) ) corresponds to passage of a particle through the pore. The size of each particle can be calculated using a linear relationship between the particle volume and the resistive pulse magnitude ∆R, as initially established for long, thin cylindrical tubes [19] then extended to conical pores [20] and experimentally verified for tunable pores [9] . Particle sizes can be calculated by measuring resistive pulses for calibration particles of known size, and the particles of interest, under the same experimental conditions. Note that small changes in the particle diameter give rise to large changes in the measured pulse signal, and that in our work the lower threshold for identification of a pulse was set to ∆I = 0.05 nA. 3 Results and discussion Figure 3 compares particle size distributions obtained using SEM and TRPS. Histogram bin sizes were selected empirically by minimising the bin size while maintaining a good fit to a smooth Gaussian function (R 2 > 0.9 for TRPS). The size distribution based on SEM images (Figure 3(a) ) is plotted along with a multi-peak Gaussian fit using OriginPro 8 SRO. This software uses a probability distribution function to find the best fit to the data based on initial estimates for the mean and spread of two Gaussian distributions. SEM data are compared with a TRPS size distribution obtained using an NP800 pore in Figure 3 (b) by plotting both distributions with the bin size appropriate to the TRPS data (10 nm). Two peaks are apparent in each distribution, with modal diameters 626 ± 5 nm and 828 ± 5 nm for TRPS data and 668 ± 5 nm and 876 ± 5 nm for SEM data, respectively. Here, the uncertainty attributed to the mode is the width of a histogram bin. The smallest particles observed using SEM (below 500 nm) were not observed using TRPS owing to the lower size threshold; 0.05 nA was equivalent to 505 nm in this case. Factors influencing the SEM size distribution include any effects of sample preparation (i.e., drying), and possible deselection of larger aggregates from the analysed images. The data in Figure 3 (c) are drawn from two separately prepared measurements using an NP1000 pore with the same acquisition parameters. These two measurements gave similar results, with modal diameters 770 ± 5 nm (1754 pulses) and 750 ± 5 nm (814 pulses). Here, the lower detection threshold of 0.05 nA corresponds to 627 nm, while the minimal size of detected particles was 662 nm; interestingly, the size distribution is not discontinuous at the threshold. The cumulative data plotted in Figure 3 (c) have a modal diameter of 772 ± 13 nm (mean ± standard deviation of 851 ± 92 nm). These data have been fitted with a complementary Gaussian distribution, which assumes that the distribution of particle sizes larger than the mode is symmetrically reproduced below the mode. The representative histogram for this distribution highlights the asymmetry of the recorded data. In comparison with Figures 3(a) and (b) , it is apparent that a significant population or even multiple populations of particles are not represented in Figure 3(c) , falling below the lower size threshold. Comparison of the three techniques used in the study using the data spacing defined by the DLS data. The DLS data are the size distribution by particle number (see online version for colours) DLS particle size distributions are shown in Figure 4 (a). The Z-average diameter was 789 nm, and the instrument software provides both volume-weighted and numberweighted size distributions. For particles considered here, which are of diameter close to the light wavelength (Mie regime), the scattering intensity scales approximately as the square of the particle diameter [5] . A consequence of this scaling is that trace amounts of aggregates or large particle species can dominate a measurement [6] . As a result, the peak of a number-weighted particle diameter distribution can be based upon a relatively small fraction of the recorded intensity data, as occurs in Figure 4 (a). Note that the two distinct populations observed in Figure 3 were not resolved by DLS measurements, while DLS results support the conclusion that a significant part of the population is not represented in Figure 3(c) . Finally, Figure 4 (b) is a consistent comparison of data from all three characterisation techniques -DLS, SEM, and TRPS. The irregular spacing of data points is a feature of the data provided by the DLS instrument software. This spacing is used here because the particle-by-particle data obtained using SEM and TRPS can be distributed as required, whereas the DLS data could not be replotted in regularly spaced histogram bins. However, wide and irregular bin spacing precludes precise identification of distribution modes. DLS, SEM and the NP800 pore all produce a peak at ~660 nm, while the highest data density for the secondary mode above 800 nm (identified using SEM and the NP800 pore) is provided by the NP1000 pore.
Conclusion
Carboxylated polystyrene beads have been synthesised by dispersion polymerisation, and their size distribution has been measured using SEM, TRPS and DLS. Information on the evolution of polymer bead size distributions provides important feedback to tailor synthesis conditions. The rapidity of TRPS measurements, and the fact that results are not dominated by relatively few large particles, mean that TRPS is a useful tool for monitoring bead synthesis in comparison with SEM and DLS. Two pores were used to generate the TRPS data, illustrating the flexibility of this technique when measuring disperse particle distributions. The beads appear to have a reasonably high dispersity diameter distribution between <400 nm and 1 µm, and overall evidence suggests that there are two modal peaks. Using NP800 pores and regular histogram bins, a primary mode near 630 nm and a secondary smaller peak near 830 nm were identified. The 630 nm peak was not observed using an NP1000 pore, and the 830 nm peak was not apparent in DLS data. A consistent comparison between measurement techniques (constructed on one graph) has a peak near 660 nm. The effect of the lower measurement threshold was apparent when using both NP800 and NP1000 pores, and the lack of a sharp cutoff at this threshold warrants further investigation. The fact that the peak of the number-weighted DLS size distribution is determined by a relatively small proportion of the collected intensity data illustrates a key advantage of the particle-by-particle methods.
